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Higgs Couplings and their Implications for New Physics Scales
M. Muhlleitner
Institute for Theoretical Physics, Karlsruhe Institute of Technology,
Wolfgang-Gaede-Str.1, 76131 Karlsruhe, Germany
In view of the absence of any direct sign of New Physics (NP) at the LHC, the precise investigation
of the Higgs properties becomes more and more important in our quest for physics beyond the
Standard Model (SM). Coupling measurements play here an important role and not only complement
the reach of the LHC but, depending on the physics scenarios, also allow for tests of NP scales beyond
the ones accessible at present colliders. In this context, various representative scenarios beyond the
SM will be reviewed.
I. INTRODUCTION
With the discovery of the Higgs boson by the LHC experiments ATLAS [1] and CMS [2] in 2012, a change
of paradigm has taken place. The Higgs boson is not target of experimental research any more but now serves
as tool in our search for NP and hence in the understanding of nature [3, 4]. While the observed Higgs particle
is in good agreement with SM expectations the experimental uncertainties are still large enough to allow for
interpretation in a variety of NP models beyond the SM (BSM). Higgs couplings will play a crucial role here
[5, 6]. As shown in Table I, the precision on the Higgs couplings will increase from at present several tens of
percent to about 10% at the high-luminosity LHC (HL-LHC) and to about 1% at future e+e− linear colliders
(LC), see [5] and references therein.
The deviations in the Higgs couplings from the SM values can be due to various NP effects: The Higgs
particle can mix with other scalars, it can be a composite particle or new particles can alter the couplings
through loop contributions. Depending on the strength and the type of the coupling between the Higgs boson
and NP, the limits obtained from the Higgs measurements can be more stringent than those derived from direct
searches, electroweak (EW) precision measurements or flavour physics. In this way precision Higgs physics can
be sensitive to NP showing up at scales much higher than the one given by the vacuum expectation value (VEV)
v and open a unique window to BSM sectors, that have not been strongly constrained yet by the present data.
II. THE EFFECTIVE LAGRANGIAN APPROACH
In the analysis of NP effects, the effective Lagrangian approach makes it possible to study a large class of
BSM models in terms of a well defined quantum field theory. It does not allow, however, to investigate effects
arising from light particles or Higgs decays into new non-SM particles. For a complete picture of BSM effects
in Higgs physics, therefore the analysis has to be complemented by studies within specific BSM models that
capture such features. Some representative examples shall be presented in the following sections.
The effective Lagrangian approach is based on the assumption of a few basic principles, like e.g. SM gauge
symmetries. Deviations from the SM are parametrised by higher-dimensional operators, that are suppressed by
coupl. LHC HL-LHC LC HL-LC comb.
hWW 0.09 0.08 0.011 0.006 0.005
hZZ 0.11 0.08 0.008 0.005 0.004
htt 0.15 0.12 0.040 0.017 0.015
hbb 0.20 0.16 0.023 0.012 0.011
hττ 0.11 0.09 0.033 0.017 0.015
hγγ 0.20 0.15 0.083 0.035 0.024
hgg 0.30 0.08 0.054 0.028 0.024
hinvis — — 0.008 0.004 0.004
TABLE I: Expected accuracy at the 68% C.L. on fundamental and derived Higgs couplings, with the deviations defined
as g = gSM[1±∆] with respect to the SM at the LHC/HL-LHC (luminosities 300 and 3000 fb
−1), LC/HL-LC (energies
250+500 GeV / 250+500 GeV+1 TeV and luminosities 250+500 fb−1 / 1150+1600+2500 fb−1), and in combined analyses
of HL-LHC and HL-LC. For invisible Higgs decays the upper limit on the underlying couplings is given. Taken from [5].
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FIG. 1: Effective scales Λ⋆ to be probed at various collider options, based on the precisions given in Tab. I. For details,
see [5].
the typical NP scale Λ. Assuming for simplicity the Higgs boson to be CP-even and the conservation of baryon
and lepton numbers, the leading BSM effects for the Higgs boson being part of a weak doublet are parametrised
by 53 dimension-6 operators [7–10]. Based on operator expansions the deviations from the SM couplings are then
estimated to be of the order g = gSM[1 + ∆], with ∆ = O(v2/Λ2) and the characteristic scale Λ assumed to be
much larger than the VEV, Λ≫ v. Note, however, that this estimate cannot be applied in case the underlying
model violates the decoupling theorem. Assuming experimental accuracies of ∆ = 0.2...0.01, sensitivities to
scales of order Λ ∼ 550 GeV up to 2.5 TeV can be achieved. The lower scale reach is complementary to direct
LHC searches. The larger bound, however, exceeds the direct search range of the LHC in general. If NP is due
to loop effects, an additional loop suppression factor has to be taken into account, leading to ∆ = v2/(16pi2Λ2).
The scales that can be probed are then much lower, for ∆ = 0.02 we get Λ ≈ 140 GeV.
In Fig. 1 we show the extracted limits on contributions of the dimension-6 operators, taking into account the
precisions on the couplings given in Table I. The limits have been derived with the program sFitter [11–13]
after introducing the effective scales Λ⋆ that are obtained by factoring out from the operators couplings and
loop factors. Additionally in the loop-induced couplings to the gluons and photons only the contributions from
the contact terms are included. The effects arising from loop terms are disentangled already at the level of the
input values Λ. The projected limits on Λ⋆ are summarized in Table II. As can be inferred from the table the
effective NP scales that can be probed in the Higgs sector range from several hundred GeV to maximum values
beyond a TeV. The bounds on new particle masses M exchanged in the Higgs vertex may, however, be reduced
significantly by small couplings, M ∼ Λ⋆
√
g2/(16pi2), where g generically denotes the NP coupling.
Λ∗ [TeV] LHC HL-LHC LC HL-LC HL-LHC + HL-LC
hWW 0.82 0.87 2.35 3.18 3.48
hZZ 0.74 0.87 2.75 3.48 3.89
htt 0.45 0.50 0.87 1.34 1.42
hbb 0.39 0.44 1.15 1.59 1.66
hττ 0.52 0.58 0.96 1.34 1.42
hgg 0.55 1.07 1.30 1.80 1.95
hγγ 0.15 0.18 0.24 0.36 0.44
TABLE II: Effective NP scales Λ∗ extracted from the expected accuracy on Higgs couplings at present and future colliders
given in Table I. Taken from [5].
In case of non-linearly realized electroweak symmetry breaking (EWSB), the most general effective Lagrangian
at O(p4) in a derivative expansion, focusing on cubic terms with at least one Higgs boson, assuming CP
Toyama International Workshop on Higgs as a Probe of New Physics 2015, 11–15, February, 2015 3
ξ LHC HL-LHC LC HL-LC HL-LHC+HL-LC
universal 0.076 0.051 0.008 0.0052 0.0052
non-universal 0.068 0.015 0.0023 0.0019 0.0019
f [TeV]
universal 0.89 1.09 2.82 3.41 3.41
non-universal 0.94 1.98 5.13 5.65 5.65
TABLE III: Derived bounds on the parameter ξ = (v/f)2 and the Goldstone scale f for various experimental set-ups.
Taken from [5].
conservation and vector fields coupling to conserved currents, is given by [14–18],
L = 1
2
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µh− 1
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µν + c¯Z∂γ Zν∂µγ
µν
) h
v
+ . . . , (1)
where ψ denotes the fermion fields, α the EW and αs the strong coupling. The EW and photon fields are
described by Z,W and γ, the gluon fields by G, with a being the color index. The couplings ci, c¯i can take
arbitrary values and the Higgs boson h need not be part of an electroweak doublet. The couplings are truly
independent of other parameters that do not involve the Higgs boson. Applying the Lagrangian to the linear
realization on the other hand, only 4 couplings between the Higgs boson h and the vector bosons V are
independent of the other EW measurements [19, 20]. For a discussion of the physics implications, cf. [21]. In
the SM limit ci = 1 and c¯i = 0.
III. COMPOSITE HIGGS MODELS
In Composite Higgs Models a light Higgs boson arises as a pseudo Nambu-Goldstone boson from a strongly-
interacting sector [22–28], implying modified couplings compared to the SM. Such models are examples for
EWSB based on a strong dynamics. In [29] an effective low-energy description of a Strongly Interacting Light
Higgs Boson (SILH) has been given, which can be viewed as first term of the expansion in the compositeness
parameter ξ = v
2
f2 , where v ≈ 246 GeV is the VEV and f the scale of the strong dynamics. The SILH Lagrangian
is applicable in the vicinity of the SM limit, i.e. ξ → 0, but for larger values of ξ a resummation of the series in
ξ has to be performed. Explicit models built in five-dimensional warped space provide such a resummation: In
the Minimal Composite Higgs Models (MCHM) discussed in Refs. [30, 31] the global SO(5)×U(1) symmetry is
broken down at the scale f to SO(4)×U(1) on the infrared brane and to the SM group SU(2)L×U(1)Y on the
ultraviolet brane. (For an MCHM implementing the antisymmetric representation 10, see e.g. [32].) In these
models the Higgs coupling modifications can be described by one single parameter, namely ξ. In the model,
named MCHM4, of [30] the fermions are in the spinorial representation of SO(5). Here all Higgs couplings
are suppressed by the same universal factor (1 − ξ)1/2. This case is covered by the analysis of portal models.
In MCHM5, the fermions are in the fundamental representation of SO(5), and the couplings to massive gauge
bosons V =W,Z and the ones to fermions f are modified by a different coefficient with respect to the SM,
1 + ∆V =
√
1− ξ ≈ 1− ξ
2
, 1 + ∆f =
1− 2ξ√
1− ξ ≈ 1−
3ξ
2
, (2)
for ξ ≪ 1. Table III shows the bounds on ξ, respectively the scale f , derived by assuming the Higgs coupling
precisions given in Table I.
The computation of the Higgs boson decay widths and branching ratios can be performed with the For-
tran code eHDECAY, [33] which has implemented different parametrisations of effective Lagrangians, the SILH
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approach, the non-linear realization of EWSB and the composite Higgs models MCHM4 and MCHM5. The
program includes the most important higher-order QCD effects and in case of the SILH and composite Higgs
parametrisation also the EW higher order corrections. The user furthermore has the possibility to turn off these
EW corrections.
IV. THE TWO-HIGGS-DOUBLET MODEL AND THE MSSM
Two-Higgs-Doublet Models (2HDM) and the Minimal Supersymmetric extension of the SM (MSSM) are
examples of NP, where the Higgs couplings are modified due to mixing effects. The 2HDM [34–38] belongs to
the simplest extensions of the SM that allow to respect the experimentally measured ρ parameter. The physical
Higgs states are mixtures of the components of the two doublets φ1 and φ2. The scalar potential reads
V = m11|φ1|2 +m222|φ2|2 −m212(φ†1φ2 + h.c) + λ1|φ1|4 + λ2|φ2|4
+λ3|φ1|2|φ2|2 + λ4|φ†1φ2|2 +
1
2
λ5[(φ
†
1φ2)
2 + h.c] . (3)
The neutral components of the Higgs doublets acquire VEVs v1 and v2, with the ratio defined as tanβ = v2/v1.
They add up to v2 = v21+v
2
2 . The 2HDM features five Higgs bosons after EWSB, two neutral CP-even bosons h
0
and H0, one CP-odd Higgs A0 and two charged states H±. The Higgs couplings to the fermions are different in
specific realizations of the 2HDM. These arise by demanding a natural suppression of flavour-changing neutral
currents, which is achieved by requiring that one type of fermions couples only to one Higgs doublet. It can be
assured by imposing a global Z2 symmetry, under which φ1,2 → ∓φ1,2. This symmetry has been assumed in the
potential Eq. (3), implying that all terms of the potential include an even power of each of the Higgs fields. There
are four cases of possible couplings between the Higgs doublets and the fermions, that depend on the Z2 charge
assignment [39]. In the aligned 2HDM, the Yukawa couplings of the two Higgs doublets are proportional to each
other in flavour space. At tree level the aligned 2HDM is determined by five free parameters, including the mass
of the charged Higgs boson, that contributes to the effective Higgs-photon coupling. Figure 2 (left) compares
the extracted free Higgs couplings with the corresponding fit to the aligned 2HDM parameters, translated into
the SM coupling deviations. For simplicity custodial symmetry, i.e. ∆Z = ∆W ≡ ∆V < 1 has been assumed.
Note, that there are additional constraints due to non-standard Higgs searches and EW precision measurements
as well as flavour constraints, in case the 2HDM is realized. These are taken into account in the cyan bands,
while they have been ignored in the blue ones. The 2HDM has also been implemented in the Fortran code
HDECAY [41–43] to provide the Higgs decay widths and branching ratios including the state-of-the-art higher
order QCD corrections and the off-shell Higgs decays [44].
The Higgs sector of the MSSM is a subgroup of the general 2HDM type-II where the up- and down-type
fermions couple to φ2 and φ1, respectively. Furthermore, the quartic couplings are given in terms of the SU(2)L
and U(1)Y gauge couplings. In the decoupling limit, where H
0, A0 and H± are heavy and h0 behaves SM-like,
the partial decay width of the latter into down-type fermions, normalized to the SM, scales with the pseudoscalar
FIG. 2: Left: Fits to the weak scale couplings and to the aligned 2HDM in terms of the light Higgs couplings based on
the data from the 7 TeV run and an integrated luminosity of 4.6-5.1 fb−1 and the 8 TeV run with 12-21 fb−1, at 68%
C.L., ATLAS and CMS combined [40]. Right: Deviation of the MSSM tree-level decay width into down-type fermions
from the SM value as function of mA0 for tanβ = 5 and 30. For further details on Rt, see [5]. Shown are the expected
limits at the LHC, HL-LHC, LC and HL-LC.
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FIG. 3: Left: Sum of the H1 and H2 (SM-like) gauge couplings squared. Right: Sum of their inverse Yukawa couplings
squared. From [5].
and the Z boson masses, β and the dominant supersymmetric radiative corrections Rt. Figure 2 (right) shows
the deviation of this decay width in the MSSM from the SM as a function of mA0 for two different tanβ values.
It is proportional to the deviation in the Higgs coupling squared, and depending on the coupling precision
achieved at the various colliders, limits on mA0 can be derived for a fixed value of tanβ.
V. THE NMSSM
The NMSSM (for recent reviews, see [45, 46]) includes an additional singlet superfield and features 7 Higgs
bosons after EWSB, three neutral CP-even ones H1,2,3, two neutral CP-odd bosons A1,2 and two charged
Higgs bosons H±. Due to the large number of parameters entering the tree-level Higgs sector, there are more
possibilities to achieve an NMSSM scenario compatible with the present LHC data (see, e.g. [47–49]). At the
same time it becomes more difficult to constrain a single parameter or a subset of the parameters based on
the coupling measurements alone. However, the latter may allow to reveal if the possibly discovered new Higgs
particles belong to the MSSM or the NMSSM, in case only three have been discovered and not all of them
are CP-even. For the NMSSM this would reveal itself in the violation of the coupling sum rules for the scalar
couplings to the gauge bosons,
3∑
i=1
g2HiV V = 1 , (4)
and for the couplings to the top and bottom quarks,
1∑3
i=1 g
2
Hitt
+
1∑3
i=1 g
2
Hibb
= 1 . (5)
Figure 3 shows the scenarios with H2 being SM-like from a scan over the NMSSM parameter range, which are
in accordance with the LHC Higgs data. Assuming that only the two lightest CP-even Higgs bosons have been
discovered, the left plot shows as a function of MH3 the violation of the vector coupling sum rule for H1 and
H2 and the right plot the violation of the Yukawa coupling sum rule. The sums can deviate by up to a factor
of two in case of the fermion couplings. While the precise determination of the Higgs couplings will allow to
distinguish the MSSM from the NMSSM it will be difficult to deduce the mass of the unobserved third Higgs
boson from the pattern of the violation of the sum rules. The larger number of parameters entering the Higgs
sector does not allow to derive a unique correlation between the coupling values and the scale of NP. In this
case a global scan has to be performed to pin down the underlying NP scale.
VI. CONCLUSION
The precise investigation of the Higgs properties opens a unique window to NP scales beyond the direct reach
of present colliders. It has been shown for some archetypal BSM scenarios that Higgs precision data can be
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sensitive to scales ranging from a few hundred GeV in weakly coupled models up to multi-TeV scales for models
based on strong dynamics.
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